INTRODUCTION
The generation of the eupnoeic breathing pattern relies on the coordinated activity of ventral medullary inspiratory and expiratory neurons (Bianchi, Denavit-Saubié, & Champagnat, 1995; Richter & Smith, 2014) . The major source of the neural rhythmic inspiratory activity is the pre-Bötzinger complex (pre-BötC), and the expiratory neurons are typically found in the BötC within the ventral respiratory group (Bianchi et al., 1995; Smith, Ellenberger, Ballanyi, Richter, & Feldman, 1991 , 2007 .
In spite of the fact that the ventral medullary neurons are responsible for generating the respiratory rhythm (Richter & Smith, 2014; Smith et al., 1991) , the stimulation of sensory afferents, c 2018 The Authors. Experimental Physiology c 2018 The Physiological Society including baroreceptor inputs, leads to significant changes in the breathing pattern (Dick et al., 2005; Molkov, Rubin, Rybak, & Smith, 2017) . Baekey, Molkov, Paton, Rybak, and Dick (2010) reported that baroreceptor stimulation during expiration prolongs the expiratory duration. To explain this expiratory lengthening during baroreceptor stimulation, computational model studies suggested that the respiratory neurons and the baroreflex neural pathways, including the nucleus tractus solitarii (NTS), caudal ventrolateral medulla and rostral ventrolateral medulla, integrate a network in the brainstem with a reciprocal modulation of the respiratory-sympathetic coupling (Baekey et al., 2010) . These sets of previous experiments are consistent with the concept that baroreceptor afferent stimulation modulates the neural breathing pattern.
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In previous studies, using conscious rats and an in situ preparation, we documented that rats submitted to baroreceptor afferent removal [sino-aortic denervation (SAD)] exhibit a significant reduction in the respiratory frequency and minute ventilation (Amorim, Bonagamba, Souza, Moraes, & Machado, 2016) , accompanied by longer inspiration (Amorim, Bonagamba, Souza, Moraes, & Machado, 2017 , 2018 . These previous studies indicate that after baroreceptor afferent removal, rats exhibit a reconfiguration of the respiratory network, ultimately leading to changes in breathing at rest (Amorim et al., 2017 (Amorim et al., , 2018 .
These observations raise the hypothesis that after SAD, ventral medullary respiratory neurons change their firing properties, which might drive longer inspiration. Therefore, in the present study we aimed to evaluate the burst, interburst, total frequency and temporal properties of the inspiratory and post-inspiratory neurons after SAD.
Previous studies from our laboratory documented that: (i) conscious SAD rats exhibit significant increases in resting arterial partial pressure of CO 2 compared with sham-operated rats (Amorim et al., 2016) ; and (ii) during experimental hypercapnia, the duration of inspiration was significantly reduced in SAD and sham-operated rats, whereas the sympathetic overactivity was pronounced during inspiration in SAD rats (Amorim et al., 2017) . In order to explore possible changes in central chemosensitivity to CO 2 in SAD rats, in the present study we also evaluated the abdominal nerve activity to assess whether active expiration could be induced by hypercapnia in this experimental model.
METHODS

Ethical approval
This study was carried out following the ethics principles and regulation required by Experimental Physiology (Grundy, 2015) . The experiments complied with the animal ethics principles in accordance with checklist that the journal operates, and all experimental procedures used in the present study were also approved by the Ethical Committee on Animal Experimentation of the School of Medicine of Ribeirão Preto, University of São Paulo (CEUA #093/2013).
Animals
Male Wistar rats (4-5 weeks old, 80-100 g) were evaluated 3 days after SAD (SAD 3), as were their respective controls (Sham 3). Rats were provided by the Animal Care Facility of the University of São Paulo at Ribeirão Preto, Brazil, and had free access to tap water and standard chow.
Surgical procedures
To establish and validate SAD, rats were anaesthetized with I.P.
injections of a cocktail of ketamine (40 mg kg −1 ; Aldrich, Milwaukee, WI, USA) and xylazine (5 mg kg −1 ; Aldrich, Milwaukee, WI, USA).
The depth of anaesthesia was assessed by the absence of withdrawal reflex after a pinch to the paw and tail, and a supplemental dose of anaesthetic (half of the initial dose) was given if necessary. Sino-
New Findings
• What is the central question of this study?
After sino-aortic denervation (SAD), rats present normal levels of mean arterial pressure (MAP), high MAP variability and changes in breathing. However, mechanisms involved in SAD-induced respiratory changes and their impact on the modulation of sympathetic activity remain unclear. Herein, we characterized the firing frequency of medullary respiratory neurons after SAD.
• What is the main finding and its importance?
Sino-aortic denervation-induced prolonged inspiration was associated with a reduced interburst frequency of pre-inspiratory/inspiratory neurons and an increased long-term variability of late inspiratory neurons, but no changes were observed in the ramp-inspiratory and post-inspiratory neurons. This imbalance in the respiratory network might contribute to the modulation of sympathetic activity after SAD.
aortic denervation was performed aseptically, as previously described (Amorim et al., 2016 , Krieger, 1964 . The superior laryngeal nerve and superior cervical ganglion were isolated and transected on both sides via a cervical ventral mid-line incision. All fibres and surrounding tissues from the carotid sinus were also removed. Sham-operated rats were submitted to a similar surgical procedure except for nerve section. Thereafter, the cervical incision was sutured, and all rats received a postoperative injection of the analgesic and antipyretic flunixin meglumine (1 mg kg −1 , I.M.; Banamine; Schering-Plough, Rio de Janeiro, Brazil). The effectiveness of SAD was assessed in conscious rats by the absence of typical reflex bradycardia in response to I.V. injection of phenylephrine (Phe; 2 and 4 g kg −1 ) through the left femoral vein (Amorim et al., 2016) . The absence of typical reflex bradycardia and sympatho-inhibition in response to transitory increases in the flow generated by the peristaltic pump was used to assess the completeness of SAD using an in situ preparation (Amorim et al., 2017) .
Mean arterial pressure and heart rate measurements in conscious rats
Arterial pressure was recorded in this study to determine whether juvenile rats submitted to SAD exhibit similar levels of mean arterial pressure (MAP) to that observed in sham-operated rats 3 days after the surgery (SAD 3 versus Sham 3). Rats were anaesthetized with injections of ketamine (40 mg kg −1 , I.P.) and xylazine (5 mg kg −1 , I.P.), and the depth of anaesthesia was continuously verified during the catheterization by absence of the withdrawal reflex to pinching of the paw and tail. An additional dose of anaesthetic was injected if required.
The arterial catheter (PE-10 connected to PE-50 tubing; Clay Adams, Parsippany, NJ, USA) was implanted into the abdominal aorta through the femoral artery for blood pressure recordings. The venous catheter was implanted into the femoral vein, and it was used for I. and xylazine (10 mg kg −1 , I.P.).
Ventral approach in the working heart-brainstem preparation
Rats were surgically prepared for the ventral approach of the in situ working heart-brainstem preparation, as previously described (Moraes, Zoccal, & Machado, 2012; Paton, 1996) . Briefly, the animals were heparinized (5000 IU ml The surgery to expose the ventral medullary surface was selected as the best approach for the extracellular single-unit recordings of inspiratory and expiratory neurons, which are located near the ventral surface of the brainstem. For the ventral approach, the trachea and oesophagus were removed, followed by removal of all the muscles and connective tissues covering the basilar portion of the occipital bone (Moraes et al., 2012) . Afterwards, the atlanto-occipital membrane was sectioned accurately, and the occipital bone was carefully removed to expose the ventral surface of the medulla.
Rats were then transferred to a recording chamber, and a double- 
Electrophysiological nerve recordings and analyses
Sympathetic, phrenic and abdominal (Abd) motor nerves were isolated and their activities recorded simultaneously using bipolar glass suction electrodes held in a micromanipulator (Narishige, Tokyo, Japan) and connected to an amplifier (Insight, Ribeirão Preto, Brazil). Thoracic Nerve activities were analysed offline using Spike2 software.
Phrenic nerve activity was evaluated by its burst frequency, burst length (time of inspiration) and burst interval (time of expiration).
Recruitment of active expiration in SAD rats during hypercapnia
During the eupnoeic breathing pattern, expiration is a mechanical passive process caused by retractile forces of the lungs and ribs.
A typical response to the hypercapnic stimulus is the presence of forced expiration, marked by an increase in the abdominal nerve activity (Abdala, Rybak, Smith, & Paton, 2009 ). To determine whether SAD rats exhibit active expiration during hypercapnia, the Abd nerve (which controls the abdominal muscle activity) was recorded in a separate group of rats (without ventral medullary exposure) using the in situ working heart-brainstem preparation. Hypercapnia was obtained by perfusing the preparation with 10% CO 2 and 90% O 2 for 7 min.
Respiratory neuron activities in the ventral medulla
After stabilization of the preparation, microelectrodes (filled with 3 M NaCl; 3-12 MΩ) were placed in a three-dimensional micromanipulator and positioned upward into the ventral medullary surface using as an anatomical reference the trapezoid body, the roots of the hypoglossal nerve and the basilar artery, using a surgical microscope (Carl Zeiss, Oberkochen, Germany). The coordinates used for the electro- All experimental data of the present study are expressed as the total mean frequency of 10 phrenic cycles, which reflects the number of action potentials per time period in herz. We also studied the burst mean frequency and the interburst mean frequency; the latter reflects the number of action potentials per burst time period, whereas the former considers only the time between burst observations. Further analysis of the temporal properties of the neurons was made using spike-train power spectra. Action potentials were distributed as a sequence of spikes and silences using Fourier transformation and conversion to the power spectrum. The power spectrum of each neuron was normalized; consequently, the sum over all frequency bins equals one. From the power spectrum, we extracted the Fano factor (FF), which is computed as the ratio between the very beginning of the spectrum and the very end (Grün & Rotter, 2010; Wieland, Bernardi, Schwalger, & Lindner, 2015) . The FF is an indicator of long-term variability, and whereas irregular firing would produce FF = 1, it is expected that bursting behaviour would lead to FF > 1.
Data and statistical analysis
The data are presented as means ± SD. The statistical analyses were made using GraphPad Prism 7.01 (GraphPad Inc., La Jolla, CA, USA;
www.graphpad.com). Statistical comparisons were performed using Student's unpaired t test and the Mann-Whitney U test as required.
Differences were considered significant when P ≤ 0.05.
RESULTS
Cardiovascular outcomes of juvenile, freely moving rats previously submitted to SAD
Haemodynamic measurements were performed to assess whether juvenile rats presented significant increases in MAP 3 days after the surgery for SAD. The data show that MAP levels were similar in SAD 3 and Sham 3 rats [Sham 3 (97 ± 6 mmHg) versus SAD 3 (96 ± 8 mmHg), P = 0.8402)], indicating that on the third day after SAD the rats remained normotensive (Figure 1a) as previously reported at 10 days after SAD (Amorim et al., 2016) . 
Respiratory pattern in SAD rats
The baseline neural breathing pattern was evaluated by phrenic nerve recordings, as shown in Figure 2a 
Active expiration in SAD rats
To evaluate whether or not the recruitment of active expiration was present in SAD rats during hypercapnia, we recorded the activity of the Abd nerve. We observed SAD-induced longer inspiration in SAD 3 rats during normocapnia (5% CO 2 ) compared with Sham 3 (Figure 3a, b) . Active expiration was not observed in SAD 3 (n = 3) and Sham 3 rats (n = 3) submitted to normocapnic conditions (5% CO 2 ), as determined by the absence of an increase in Abd nerve activity during E-2 (Figure 3a, b) . In contrast, when the preparations were exposed to hypercapnia (10% CO 2 ) there was recruitment of Abd nerve activity, i.e. active expiration (late-E event) in all the Sham 3 and SAD 3 rats (Figure 3a, b) . The data showed a significant increase in f R in both Sham 3 (P = 0.0467) and SAD 3 groups during hypercapnia F I G U R E 1 Cardiovascular parameters of juvenile rats on the third day after sino-aortic denervation (SAD). Average values of mean arterial pressure (MAP; in millimetres of mercury; a), heart rate (HR; in beats per minute; b), standard deviation of MAP (in millimetres of mercury; c) and baroreflex gain (in beats per minute per millimetre of mercury; d) from rats submitted to SAD 3 (rats recorded on the third day after SAD, n = 8) and their respective Sham 3 controls (rats recorded on the third day after Sham, n = 8)
F I G U R E 2 Longer inspiration in SAD rats. Phrenic nerve activity in a Sham rat (a) compared with a SAD rat (b). Average values of time of inspiration (t INSP ; c), time of expiration (t EXP ; d)
, respiratory frequency (f R ; e) and cycle duration (f) from Sham 3 (n = 10) and SAD 3 rats (n = 11) (P = 0.0188; Figure 3c ), but this enhancement was more pronounced in SAD rats (P = 0.0463; Figure 3d ). In contrast, hypercapnia-evoked active expiration was similar in Sham 3 and SAD 3 rats (Figure 3e ).
Firing frequency of the inspiratory and post-inspiratory neurons of rats submitted to SAD
With respect to the characterization of the ventral medullary respiratory neurons, we based their phase relationship on phrenic nerve activity. In relationship to the firing properties of the subpopulation of Late-I neurons, we recorded eight neurons from Sham 3 and seven neurons from SAD 3 rats. The data show no significant differences in the mean firing frequency of these neurons between Sham 3 and SAD 3 rats (P = 0.6319; Figure 5c ). In addition to the inspiratory neurons described above, the firing properties of Post-I neurons were also recorded. Among these Post-I neurons recorded, seven were from Sham 3 rats and nine from SAD 3 rats, and no significant changes were observed in the firing frequency of Post-I neurons when comparing Sham 3 and SAD 3 rats (P = 0.4878; Figure 5d ). These results reveal that SAD does not affect the total firing frequency of ventral medullary respiratory neurons.
The data also show that SAD 3 rats present with a significant reduction in the Pre-I/I interburst frequency compared with Sham 3 rats (Figure 5a ; P = 0.0265). This finding indicates that although the rats. The logarithmic scales on both the horizontal and vertical axes show differences among these subpopulations of neurons. In the first place, all spectra are presented in accordance with bursting behaviour, as reported by Bair, Koch, Newsome, and Britten (1994) , where the lower frequencies dominate, followed by a dip and a peak. This indicates an interplay of temporal properties belonging to bursts, interburst periods and the refractory period, which influences the power spectrum. Furthermore, the power spectrum reflects the regularity/irregularity of the spike train through its association with the Fano factor (long-term variability). This measure can be computed from the spike count, but it can also be computed as the ratio of the very beginning to the very end of the spectrum. In our case, the Fano factor was always >1 a.u., indicating bursting behaviour.
This measure is shown in Figure 7 , in which the Late-I Fano factor was significantly higher in SAD 3 rats compared with Sham 3 rats (P = 0.0158). Observations of the very beginning of the spectra, presented in Figure 6c , also show this distinction, which was not evident in the other neurons. Notably, slow fluctuations are more pronounced in the SAD 3 Late-I neurons than in Sham 3 rats, which increases the Fano factor, even though the interburst, burst and total frequencies are similar. This indicates that differences were observed in the temporal organization of this subpopulation of respiratory neurons in SAD rats.
F I G U R E 6
Single-neuron spike-train power spectra. Every panel contains representative recordings of the power spectra among neurons from Sham 3 (black curve) and SAD 3 (red curve) rats: Pre-inspiratory/inspiratory (Pre-I/I; a), ramp-inspiratory (Ramp-I; b), late-inspiratory (Late-I; c) and Post-inspiratory (Post-I; d) neurons. Every spectrum was normalized; consequently, the sum over all frequency bins equals one. The shaded area shows an increased long-term variability in the Late-I neurons from SAD 3 compared with Sham 3 rats, but not in other subpopulations of respiratory neurons rats (Kasparov & Paton, 1997) . Taken together, the findings of the present study and of our previous study (Amorim et al., 2016) show that after SAD, juvenile rats have similar levels of MAP compared with Sham. The higher HR in SAD rats is probably attributable to changes in the autonomic balance to the heart. Regarding the baseline sympathetic activity, we previously showed that there is no increase in the baseline sympathetic activity during inspiration, E-1 and E-2 phases of the respiratory cycle in SAD rats (Amorim et al., 2017) .
Active expiration during hypercapnia in SAD rats
In a previous study, we documented that during hypercapnia rats exhibited a significant reduction in the time of inspiration, which was more evident in SAD than in Sham rats. Moreover, a hypercapnic challenge increased the sympathetic activity in all phases of the respiratory cycle in Sham, whereas this increase was more pronounced during inspiration in SAD rats (Amorim et al., 2017) . This change in the sympathetic response of SAD rats during hypercapnia might be indicative of desensitization of central chemoreceptors to CO 2 , probably attributable to an increase in the baseline arterial partial pressure of CO 2 observed in conscious SAD rats (Amorim et al., 2016) .
In the present study, we used hypercapnia (10% CO 2 ) to test the possible recruitment of active expiration in SAD rats. Our results
showed that during normocapnia (5% CO 2 ), Sham and SAD rats had no active expiration, i.e. an increased motor outflow of the Abd nerve during the E-2 phase. In contrast, during hypercapnia, all rats from Sham 3 and SAD 3 groups exhibited active expiration.
It is postulated that the increase of the Abd nerve activity during hypercapnia is dependent on the activity of neurons located in the retrotrapezoid nucleus/parafacial respiratory group, because the pharmacological inactivation of these regions abolishes the active expiration during a hypercapnic stimulus (Abdala et al., 2009) . The results of the present study show the emergence of active expiration accompanied by a reduction in the time of inspiration in SAD and Sham rats during hypercapnia, whereas the respiratory-related sympathetic response was different between SAD and Sham during the same experimental protocol (Amorim et al., 2017) . These findings suggest that CO 2 might differentially potentiate the respiratory (abdominal and phrenic) and sympathetic activities in Sham and SAD rats.
Firing properties of ventral medullary respiratory neurons of SAD rats
Our previous studies showed that rats express significant changes in the respiratory pattern 3 days after SAD (Amorim et al., 2017) .
Although the respiratory changes in SAD rats are interesting, an important issue that has not been addressed before is the neural mechanisms causing these adjustments in the breathing pattern after the removal of baroreceptor afferents (Amorim et al., 2017; Amorim, Souza, & Machado, 2018) . Our working hypothesis was that the longer inspiration observed in SAD rats was associated with changes in the firing properties of the respiratory neurons of the central pattern generator within the brainstem. Thus, we used the well-accepted ventral medullary surface approach of the in situ working heartbrainstem preparation, which allows single-unit electrophysiological recordings of the inspiratory and post-inspiratory neurons in an intact brainstem.
The data of the present study show that during inspiration, the total firing frequency of the Ramp-I, Pre-I/I and Late-I neurons was not significantly different between SAD and Sham rats. These data suggest that the longer inspiration of SAD rats is not attributable to changes in the total baseline firing frequency of the ventral medullary inspiratory neurons. In contrast, SAD 3 rats had a significant reduction in the interburst frequency of Pre-I/I neurons compared with Sham 3 rats, which might contribute to SAD-induced longer inspiration. It is important to highlight that different subpopulations of the ventral medullary respiratory neurons were classified in accordance with the respective phase of phrenic nerve activity during the respiratory cycle (Moraes et al., 2012) . Here, we document the firing rate of the ventral medullary inspiratory neurons in SAD rats.
Regarding temporal properties of the respiratory neurons, the long-term variability (FF) of Late-I neurons was significantly higher in SAD 3 rats compared with Sham 3 rats. Experimental evidence shows that interruption of the inspiratory phase and the onset of the post-inspiratory phase comprises two steps: a reversible stage that occurs at the end of inspiration and involves the participation of Late-I neurons, and a stage that occurs at the beginning of postinspiration, which depends on the activity of the Post-I neurons (Pierrefiche, Champagnat, & Richter, 1995) . Whether or not SADinduced prolonged inspiration is a consequence of changes in the longterm variability of the firing pattern of Late-I neurons is a matter deserving further investigation. Increased long-term variability of the activity of Late-I neurons in SAD rats is in accordance with our previous study showing a significant greater long-term variability of breath interval in conscious rats previously submitted to baroreceptor afferent removal (Amorim et al., 2016) .
Changes in the neural respiratory pattern after SAD (marked by longer inspiration) might contribute to the modulation of the sympathetic outflow, with an impact on vascular resistance and, consequently, on arterial blood pressure (Amorim et al., 2016 (Amorim et al., , 2018 .
Previous studies from our laboratory documented that at least three subpopulations of presympathetic neurons displayed respiratoryrelated activity, including neurons that are inhibited during inspiration (Moraes et al., 2013) . Considering the longer inspiration in SAD rats (Amorim et al., 2017) , we suggest that this subpopulation of inspiratory-inhibited rostral ventrolateral medulla presympathetic neurons (Moraes et al., 2013) should receive a respiratory-related inhibition for a longer time in SAD than in Sham rats, buffering an increase in sympathetic activity and arterial pressure in SAD rats.
Regarding the expiratory neurons, experimental evidence shows that the BötC neurons release manly glycine into their synaptic contacts (Schreihofer, Stornetta, & Guyenet, 1999) . Considering that the Post-I neurons of the BötC establish inhibitory synapses with the inspiratory neurons of the pre-BötC, we also hypothesized herein that the inhibition of the inspiratory neurons of pre-BötC by Post-I neurons should be reduced, which might explain, at least in part, the longer inspiration of SAD rats.
Next, we tested the hypothesis that SAD rats have a significant reduction in the firing frequency of Post-I neurons. The data of the present study showed that after SAD, the firing frequency of Post-I neurons was not different compared with Sham rats. Although we observed no significant differences in the firing frequency of Post-I neurons in Sham and SAD rats, we cannot rule out the possibility that after SAD, a significant reduction in the excitatory synaptic neurotransmission from other brainstem regions, such as NTS to Post-I neurons, takes place. Among the regions modulating the activities of respiratory neurons, computational modelling suggests that the pons, raphe nuclei and retrotrapezoid nucleus are involved in respiratoryrelated modulation (Baekey et al., 2010) . In addition, longer inspiration after SAD might also be related to neuronal changes in the phrenic motor nucleus, in the respiratory motor control of the spinal cord and in the respiratory motoneurons. All these possibilities require further investigation.
Conclusions
The data of this study show that SAD-induced prolonged inspiration was not associated with changes in the total firing frequency of the inspiratory and post-inspiratory neurons located on the ventral medullary surface. However, a significant reduction in the interburst frequency of Pre-I/I and an increased long-term variability of Late-I neurons was observed. These changes might contribute to the observed longer inspiration in SAD rats. The precise extent to which changes in Pre-I/I and Late-I neurons and the lack of changes in Ramp-I and Post-I neurons contribute to the modulation of sympathetic activity requires further investigation.
Perspectives
Rats submitted to SAD exhibit longer inspiration (Amorim et al., 2017 (Amorim et al., , 2018 . In the present study, we showed that this inspiratory lengthening was associated with changes in the activities of ventral medullary respiratory neurons. These findings open interesting perspectives for new investigations of other neural networks modulating the activity of the ventral respiratory column after SAD.
This compensatory adjustment of the neural respiratory network after SAD seems to be possible, and previous studies using computational modelling of the brainstem have shown that the activation of baroreceptor afferents leads to a stimulation of Post-I neurons via the NTS second-order neurons (Baekey et al., 2010) . Considering this putative modulation of the NTS-BötC pathway during baroreflex stimulation (Baekey et al., 2010) , after SAD a significant reduction of this excitatory modulation is expected, contributing to longer inspiration. This possible change in the NTS-Post-I interplay after SAD is a matter for further investigation.
In addition to the control of breathing movements, it is recognized that the respiratory network modulates sympathetic activity (Barman & Gebber, 1976; Haselton & Guyenet, 1989; Machado, Zoccal, & Moraes, 2017; Moraes et al., 2013) . Experimental evidence suggests that the respiratory neurons might increase the excitability of the presympathetic neurons in neurogenic hypertension (Moraes, Machado, & Paton, 2014 
